Introduction {#s1}
============

As a member of the nuclear hormone receptor superfamily of ligand-activated transcription factors, the glucocorticoid receptor (GR) appears to play an essential role during development [@pone.0063578-Beato1], [@pone.0063578-Parker1], [@pone.0063578-Mangelsdorf1], [@pone.0063578-Cole1]. During murine embryogenesis, the GR is constitutively expressed in a tissue and time-specific pattern in almost all tissues and organs that derive from the germ layers, including the endoderm, mesoderm and ectoderm [@pone.0063578-Speirs1], [@pone.0063578-Thompson1]. The lungs were shown to be one of the most important glucocorticoid target tissues during embryogenesis, with lung atelectasis resulting in post natal lethality in the global GR null mouse [@pone.0063578-Cole1]. In these animals, a generalized increase in cellular proliferation was observed throughout the lung, whilst apoptosis remained normal [@pone.0063578-Bird1]. Bird et al. hypothesized that this increase in cellular proliferation contributes to mesenchymal thickening, resulting in lung atelectasis.

Supporting these findings, the expression of the GR was shown to be markedly elevated during the canalicular and saccular stages of lung development in both human and animal models [@pone.0063578-Cole1], [@pone.0063578-Bolt1], [@pone.0063578-Aszterbaum1], [@pone.0063578-Habermehl1], [@pone.0063578-Manwani1]. The importance of glucocorticoids in lung development and maturation is further demonstrated by their beneficial therapeutic actions in the treatment of respiratory distress syndrome in preterm infants. Whereas the role of the GR in lung development is undisputed, conflicting results arise from studies eliminating the GR conditionally in epithelial cells [@pone.0063578-Tronche1]. Manwani and colleagues describe an essential role of the GR in epithelial cells, whilst Habermehl and colleagues suggest a more critical role of the GR in mesenchymal cell types [@pone.0063578-Habermehl1], [@pone.0063578-Manwani1]. In order to unequivocally eliminate the GR specifically in cells derived from mesoderm-derived tissue and to gain deeper insight into the consequences on lung development, we generated a mesenchymal GR conditional knockout mouse (GR^Dermo1^) by utilizing Dermo1-Cre transgenic mice. Dermo1 is a transcription factor belonging to the basic helix-loop-helix (bHLH) family and is highly expressed in mesoderm tissues during embryogenesis [@pone.0063578-Li1]. The Dermo1-Cre strain was created by a homologous knock-in of Cre into the Dermo1 gene locus, which allows for more precise expression of Cre in locations where Dermo1 is normally expressed under the endogenous promoter [@pone.0063578-Li1].

In the present study we found mice lacking GR in mesenchymal cells display neonatal lethality due to abnormal lung development. In addition, more than half of GR^Dermo1^ embryos presented with a defect in ventral abdominal wall formation. These results demonstrate that mesenchymal GR signaling plays a critical role in embryonic lung and the abdominal wall development.

Materials and Methods {#s2}
=====================

Generation of Mice with Mesenchymal-specific Deletion of the GR Gene {#s2a}
--------------------------------------------------------------------

Dermo1-Cre transgenic mice (C57BL/6 background) were generated as described previously [@pone.0063578-Yu1], kindly provided by Dr. Orniz, (Washington University School of Medicine, St Louis, USA). GR floxed (GR^fl/fl^) mice were backcrossed to the C57BL/6 background for at least 5 generations as previously described [@pone.0063578-Baschant1]. For conditional inactivation of GR in mesenchymal cells, mice were generated with the genotype Dermo1^Cre+^;GR^fl/fl^ (referred to as GR^Dermo1^) by mating Dermo1^Cre+^;GR^fl/+^ mice with GR^fl/fl^ mice. The genotype Dermo1^Cre−^;GR^fl/fl^ and Dermo1^Cre−^;GR^fl/+^ littermates showed no phenotypic differences from wild-type mice, therefore they served as wild type controls (referred to as WT). To detect the Cre activity, Dermo1-Cre transgenic mice were also crossed with Rosa26R (R26R) reporter mice in which the LacZ gene expression can be activated by Cre-mediated recombination [@pone.0063578-Yu1]. Mice were maintained at the animal facilities of the ANZAC Research Institute, Sydney, Australia, in accordance with institutional animal welfare guidelines and an approved protocol.

Primary Fibroblast Culture {#s2b}
--------------------------

New born pups were decapitated and eviscerated and the skin dissected from the carcass. After washing with PBS to remove any blood, the carcass and skin were minced with a scalpel blade. Dissociated tissue mixture and skin were incubated in culture media containing 0.25% trypsin, 0.1% collagenase type 4 (Worthington Biochemical Corp, Freehold, NJ, USA) and 400ug/ml deoxyribonuclease I (Worthington Biochemical Corp, Freehold, NJ, USA) and shaken vigorously for 30 min at 37°C. Digested tissues were pressed through a 70 µm nylon cell strainer and centrifuged at 1200 rpm for 3 min. The tissue pellet was resuspended in high glucose DMEM containing GlutaMAX (Life Technologies, NY, USA) and supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin and 100 mg/ml streptomycin and cultured at 37°C, 5% C02. Culture media was changed every three days and cells subcultured at 80 to 90% confluence prior to characterization at passage two.

X-gal Staining {#s2c}
--------------

X-gal staining of Dermo1^Cre+/−^;R26R^+/−^ mice was performed in embryos. Briefly, tissue were collected and fixed with 0.2% glutaraldehyde and 2% paraformaldehyde in PBS, pH 7.4 and processed for frozen sections. Sections were rinsed with PBS containing 2 mM MgCl2 and 0.01% NP40 and stained with X-Gal staining solution (2 mM MgCl2, 0.01% NP40, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide and 1 mg/ml X-Gal in PBS) for 16 hr at 37°C in the dark. All sections were counterstained with Nuclear Fast Red.

Histological Staining and Immunohistochemistry {#s2d}
----------------------------------------------

Embryos were isolated at E14.5, E16.5, E17.5 and E18.5 from a minimum of three different litters. Lung tissues were dissected and fixed in 4% paraformaldehyde, paraffin embedded, and sectioned at 5 µm. Sections were stained with hematoxylin and eosin (H&E) for histological analysis. Quantification of fibronectin positive cells in a 50 ^µm2^ area was determined by immunohistochemistry in the distal lung of 5 WT and 5 GR^dermo1^ mice. Positively stained cells were analyzed using Image J software. Masson and PAS staining (Sigma-Aldrich) were performed according to kit instructions. For elastin staining, sections were stained with Resorcin-fuscin solution (Electron Microscopy Sciences, Hatfield, PA) and were counterstained with Tartrazine (Sigma-Aldrich). For immunohistochemistry, antigen retrieval was achieved by immersing sections in 10 mM citric acid at 95°C for 45 minutes. Vessel diameter and number were calculated following α-smooth muscle actin staining, using Image J in matched sections of whole lung. The following rabbit polyclonal antibodies and dilutions were used: pro-SPC (Chemicon, AB3786, 1∶2000), AQP5 (Abcam, ab78486 1:500), CD31 (Abcam, ab28364, 1∶50), fibronectin (Sigma, F3648, 1∶400), α-smooth muscle actin (Abcam, ab5694, 1∶200), GR (Santa Cruz Biotechnology, sc-1004, 1∶200), GILZ (Santa Cruz Biotechnology, sc-33780, 1∶200). The signals were detected using biotinylated goat anti-rabbit secondary antibodies (Vectastain ABC-Peroxidase Kits, Vector Laboratories, Burlingame, CA, USA) and DAB (Vector Laboratories). Sections were counterstained with Harris Hematoxylin.

MRI {#s2e}
---

Embryos were fixed in 4% PFA for 7 days. PFA was changed every 48 hr. Embryos were then embedded in 1% agarose (Invitrogen) containing 2 mM Magnevist (Bayer). MRI was performed as described by Schneider et al., [@pone.0063578-Schneider1].

Lung Histomorphometric Analysis {#s2f}
-------------------------------

Proportions of lung tissues/airspaces were assessed in H&E stained sections (x400 magnification) of E16.5 and E18.5 embryos. Measurements were performed using NIH Image J software.

Quantitative RT-PCR {#s2g}
-------------------

Total RNA from lung was isolated by Trizol reagent (Invitrogen) and further purified by RNeasy mini kit (Qiagen) according to the manufacturer's instructions. First strand cDNA was synthesised from 1 µg of total RNA SuperScript^TM^III Reverse Transcriptase (Invitrogen) following oligo (dT) priming. Real Time RT-PCR was carried out using iQ™ SYBR Green Supermix (Bio-Rad) and amplifications were performed on a iCycler iQ5 Real-Time PCR Detection System (Bio-Rad). 18S was used for cDNA normalization. Primer sequences used are summarized in [Table 1](#pone-0063578-t001){ref-type="table"}.
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###### Primer pairs used for real-time RT-PCR.

![](pone.0063578.t001){#pone-0063578-t001-1}

  Gene                         Fwd                        Rvs
  ----------------- ------------------------- ---------------------------
  **18S**            **CATGATTAAGAGGGACGGC**   **TTCAGCTTTGCAACCATACTC**
  **Elastin**         GCTACTGCTTGGTGGAGAATG      CCCTTGGAGATGGAGACTGT
  **T1a**             ATGAATCTACTGGCAAGGCAC    CCATCTTTCTTATCTGTTGTCTGC
  **SPA**              TTCAAGGCAAACACGGTG       CCTCAGTGATGTAAAGTGGACG
  **SPB**             AGTGGCTACTGCTGCTTCCTA     ATCTTCCTTGGTCATCTTTGTGA
  **AQP5**           CAGACCTCAGAGATTGTGAAGG    CAGAAATAAATAAGATGGCACTCG
  **11b-HSD1**         GGAGCCGCACTTATCTGAA        GACCTGGCAGTCAATACCA
  **Collagen T1**      CCAGTGGCGGTTATGACTT        GCTGCGGATGTTCTCAATC

Statistical Analysis {#s2h}
--------------------

Results are presented as mean±SEM. Differences between groups was analyzed by unpaired students T test. Differences were considered statistically significant when p\<0.05.

Results {#s3}
=======

High Neonatal Lethality in Postnatal GR^Dermo1^ Mice {#s3a}
----------------------------------------------------

Of a total of 223 GR^Dermo1^ mice, only 2.7% survived beyond weaning. As GR^Dermo1^ embryos (E14--E18) had an expected Mendelian segregation, targeted mesenchymal GR deletion appears to result in postnatal lethality. Indeed, newborn GR^Dermo1^ mice presented with cyanotic skin ([Fig. 1A--B](#pone-0063578-g001){ref-type="fig"}) and died shortly after birth. Compared to their age-matched WT littermates, lungs from GR^Dermo1^ mice were pale with an underdeveloped vascular network ([Fig. 1C--D](#pone-0063578-g001){ref-type="fig"}). Average lung weights of GR^Dermo1^ pups were significantly heavier than those of WT littermates (35.1±6.0 mg, n = 7 versus 27.4±5.7 mg, n = 9, p = 0.02), whilst no significant difference was observed in total body weight ([Fig. 1E--F](#pone-0063578-g001){ref-type="fig"}, [Fig. S1A](#pone.0063578.s001){ref-type="supplementary-material"}). In addition to the pulmonary phenotype, 37.5% of GR^Dermo1^ newborn pups presented with a peri-umbilical anterior abdominal wall defect and intestinal herniation, which was, however, unassociated with postnatal lethality. These findings suggested that deletion of the mesenchymal GR leads to neonatal lethality due to abnormal lung development.

![Postnatal lethality and impaired lung sacculation in GR^Dermo1^ mice.\
Gross morphology of pups (A,B) and whole lung specimens (C,D) of WT and GR^Dermo1^ mice. Average total body weight (E) and total lung weights (F) in WT and GR^Dermo1^ mice. H&E staining of distal pulmonary sections of WT and GR^Dermo1^ lung at E14.5 (G,K), E16.5 (H,L), E17.5 (I,M) and E18.5 (J,N). Inserts in J and N show increased magnification of the mesenchyme lining the saccules. Average total lung volume of WT and GR^Dermo1^ mice measured at E16.5 (O) and E18.5 (P). Average vessel diameter (Q) in WT and GR^Dermo1^ pulmonary tissues. Fibronectin positive/negative cells (R) in WT and GR^Dermo1^ lung in a 50 µm^2^ area. Data shown are either representative of, or the combined means of 9 WT and 9 GR^Dermo1^ mice. Magnification 20X, Scale bar 50 µm. \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0005.](pone.0063578.g001){#pone-0063578-g001}

Defective Alveolar Sacculation and Intestinal Herniation in Prenatal GR^Dermo1^ Mice {#s3b}
------------------------------------------------------------------------------------

To further characterize the presumed defect in pulmonary development, the lungs of embryos at E14.5, E16.5, E17.5 and E18.5 were examined in detail. GR^Dermo1^ embryos at both E14.5 and E16.5 exhibited normal pulmonary structures, similar to that of their age-matched littermate controls ([Fig. 1G, H](#pone-0063578-g001){ref-type="fig"} vs. K, L). From E17.5 to E18.5, lungs from WT animals progressed to the saccular stage, as characterized by well-formed saccules, larger air spaces and thinning of the interstitial mesenchymal tissue ([Fig. 1I--J](#pone-0063578-g001){ref-type="fig"}). In contrast, lungs from GR^Dermo1^ embryos remained in the canalicular phase, displaying small immature air sacs and a thickened mesenchyme ([Fig. 1M--N](#pone-0063578-g001){ref-type="fig"}). At E16.5, the ratio of lung tissue to alveolar space was similar in GR^Dermo1^ and WT animals (97.7% vs 98.0%) ([Fig. 1O](#pone-0063578-g001){ref-type="fig"}), whilst at E18.5, this ratio had changed to be significantly greater in GR^Dermo1^ than in WT mice (90.3% vs 79.6% p\<0.001) ([Fig. 1P](#pone-0063578-g001){ref-type="fig"}).

At E18.5 clear differences in pulmonary artery structure were visible by histology. Pulmonary arteries were identified by the presence of thickened αSMA positive smooth muscle walls lining vessels ([Fig. 4K--L](#pone-0063578-g004){ref-type="fig"} inserts). Pulmonary blood vessels in GR^Dermo1^ embryos at E18.5 were visibly less well developed, being significantly larger in diameter than in WT mice (218.1±71.1 vs 784.4±151.4, average vessel area/vessel number; p\<0.05) ([Fig. 1Q](#pone-0063578-g001){ref-type="fig"}). At the same time, interstitial (inter-alveolar) mesenchymal thickness was greater in GR^Dermo1^ embryos than in WT littermates. This was confirmed by fibronectin staining, which demonstrated significantly greater numbers of interstitial fibroblasts in GR^Dermo1^ mice at E18.5 compared to the lungs of WT embryos (50.1±4.2 vs 21.1±7 cells/50 µm^2^; P\<0.005; [Fig. 1R](#pone-0063578-g001){ref-type="fig"}). These data indicate that mesenchymal deletion of the GR results in an arrest of pulmonary development at the canalicular stage. In addition to the pulmonary phenotype, more than half of GR^Dermo1^ embryos (9/17 at E16.5; 14/27 at E18.5) presented with a defect in ventral abdominal wall formation, which resulted in significant intestinal herniation ([Fig. 2A--D](#pone-0063578-g002){ref-type="fig"}). Externalization of the intestines was clearly visible by both H&E staining and magnetic resonance imaging (MRI) at E16.5 and E18.5 ([Fig. 2E--H](#pone-0063578-g002){ref-type="fig"}). To determine if any additional organs were affected, GR^Dermo1^ mice were studied by conventional histology and MRI. Examination of multiple organs, including the, brain, heart, kidney, liver, thymus and placenta demonstrated no further abnormalities ([Fig. 2I--J](#pone-0063578-g002){ref-type="fig"}). The abnormalities in ventral body wall formation closely correlated with an increasing severity of the lung phenotype in GR^Dermo1^ mice ([Fig. S1A](#pone.0063578.s001){ref-type="supplementary-material"}). Consequently, GR^Dermo1^ mice presenting with both the pulmonary phenotype and intestinal herniation were used for further characterization.

![Intestinal herniation in GR^Dermo1^ mice.\
Gross morphology of WT and GR^Dermo1^ fetuses at E16.5 (A,B) and E18.5 (C,D). H&E staining of WT and GR^Dermo1^ ventral wall defects at E16.5 (E,F) and E18.5 (G,H). Magnetic resonance imaging of the abdominal region of WT and GR^Dermo1^ mice, showing the ventral wall defect at E18.5 in GR^Dermo1^ animals (I,J). Results shown are representative of 9 WT and 9 GR^Dermo1^ mice. Arrows indicate intestinal herniation. RL = Right lung, RK = Right Kidney, IH = Intestinal Herniation, Hrt = Heart, L = Liver, I = Intestines, Th = Thyroid.](pone.0063578.g002){#pone-0063578-g002}

![Expression of mesenchymal markers and elastin at E16.5, E17.5 and E18.5.\
IHC staining for CD31 (A--F) and αSMA (G--L) in pulmonary sections of WT and GR^Dermo1^ mice at E16.5, E17.5 and E18.5. Hart stain for elastin deposition (M--R) in pulmonary tissues of WT and GR^Dermo1^ animals at E16.5, 17.5 and 18.5. Insert in K and L show increased magnification of conducting airways and vessels. Insert in Q and R show increased magnification of vessels. All results are representative of 5 WT and 5 GR^Dermo1^ mice. Aw = conducting airway; v = vessel; s = saccule; **↖ = **positive staining. Scale bar 20 µM.](pone.0063578.g004){#pone-0063578-g004}

Mesenchymal GR Expression is Up-regulated During E17.5 in WT but not GR^Dermo1^ Mice {#s3c}
------------------------------------------------------------------------------------

In WT mice, GR expression was located throughout the pulmonary mesenchyme and epithelia between E16.5--18.5, and was greatly up-regulated at E17.5 ([Fig. 3A--F](#pone-0063578-g003){ref-type="fig"}). GR expression was entirely absent in the pulmonary mesenchyme of GR^Dermo1^ mice between E16.5 and E18.5. These data were supported by X-gal staining of Dermo1-Cre;Rosa26R mice, which strongly suggested that Dermo1-Cre recombination takes place in the mesenchymal compartment, while the GR remained intact in epithelial cells ([Fig. 3G--H](#pone-0063578-g003){ref-type="fig"}). This difference in pulmonary GR expression between WT and GR^Dermo1^ mice was most marked at E17.5, i.e. whilst GR expression was at its greatest within the mesenchymal compartment ([Fig. 3B, E](#pone-0063578-g003){ref-type="fig"}). Mesenchymal GR expression is significantly increased at E17.5 may suggest a key role for glucocorticoid signaling in lung development progressing from canalicular stage to secular stage.

![Confirmation of conditional GR KO.\
IHC staining for GRα in pulmonary sections of WT and GR^Dermo1^ mice at E16.5 (A,D), E17.5 (B,E) and E18.5 (C,F). X-gal stain was performed for Cre activity in the lung from E18.5 Dermo1^Cre+/−^;R26R^+/−^ mice in distal (G) and proximal (H) airways. Inserts in G and H show increased magnification of the mesenchyme lining saccules and terminal bronchioles respectively. Results shown are representative of 5 WT and 5 GR^Dermo1^ mice. ↖ = GR positive staining in mesenchyme; Δ = GR positive staining in epithelium; Sac = alveolar saccule; TB = terminal bronchiole. Scale bar, 10 µm.](pone.0063578.g003){#pone-0063578-g003}

Pulmonary Interstitial Fibroblast Function is Defective in GR^Dermo1^ Mice {#s3d}
--------------------------------------------------------------------------

Mesenchymal-derived cells within lung tissue include interstitial fibroblasts, myofibroblasts, smooth muscle and vascular endothelial cells. To define which mesenchymal cell subpopulations contribute to the distal lung phenotype in GR^Dermo1^ animals, we performed selective stains for interstitial fibroblasts (fibronectin), myofibroblasts, smooth muscle cells (α-SMA), and vascular endothelial cells (CD31). Quantification of IHC staining for the stromal marker fibronectin showed significantly greater numbers of pulmonary interstitial fibroblasts in GR^Dermo1^ compared to WT mice (50.1±6.9 vs 21.2±4.2 cells/50 µm^2^; P\<0.005) ([Fig. 1R](#pone-0063578-g001){ref-type="fig"}; sup [Fig. 1b](#pone-0063578-g001){ref-type="fig"}). These data indicate that the increased cell populations observed in the lungs of GR^Dermo1^ animals are of mesenchymal origin. This prompted us to examine markers of specific mesenchymal subpopulations. CD31 staining for endothelial cells in WT lungs between E16.5 and E18.5 was concentrated around the lining of immature and well formed saccules, supporting the role of the endothelium in gas exchange in these structures ([Fig. 4A,C,E](#pone-0063578-g004){ref-type="fig"}). Other than the positive endothelial CD31 staining observed in immature vessels adjacent to the saccules, CD31 staining was absent in the mesenchyme. Similar CD31 staining was seen in lungs of E16.5--E18.5 GR^Dermo1^ mice, although as these tissues resembled lung from the canalicular phase, this was mostly observed lining immature alveolar saccules ([Fig. 4B,D,F](#pone-0063578-g004){ref-type="fig"}). Closer examination of αSMA, to identify myofibroblasts and smooth muscle cells, demonstrated comparable staining throughout the mesenchyme, bronchioles and vessels in lung tissues from both GR^Dermo1^ and WT mice, which increased significantly from E17.5 onwards ([Fig. 4G--L](#pone-0063578-g004){ref-type="fig"}). Despite our reported differences in vessel size, closer examination of the staining patterns in smooth muscle of vessels and bronchioles were identical between GR^Dermo1^ and WT mice ([Fig. 4K--L](#pone-0063578-g004){ref-type="fig"}). In the absence of a significant variation in numbers, or patterns of mature mesenchymal cell staining, we went on to examine the functional maturity of interstitial fibroblasts and myofibroblasts by examining their elastin production. Normally, these cells generate abundant amounts of elastin, which is required for normal saccular progression and maturation [@pone.0063578-Mariani1]. At E16.5, lungs from both GR^Dermo1^ and WT mice displayed minimal elastin staining, with sparse deposits surrounding the bronchioles ([Fig. 4M--N](#pone-0063578-g004){ref-type="fig"}). In lungs taken from WT animals at E17.5 and E18.5, intense staining for elastin deposits was observed throughout the mesenchymal tissues. In particular, strong elastin staining was observed lining mature alveolar saccules, whilst a double layer of staining was seen around well formed small vessels ([Fig. 4O,Q](#pone-0063578-g004){ref-type="fig"}). By comparison, elastin deposits were either significantly reduced or absent in lungs taken from GR^Dermo1^ mice within the mesenchymal tissue and saccules, whilst staining in the abnormal enlarged vessels was discontinuous, lacking the double layer ([Fig. 4P,R](#pone-0063578-g004){ref-type="fig"}). Within whole tissue homogenates of lung, elastin mRNA expression was shown to be significantly reduced in GR^Dermo1^ mice relative to their wild type counterparts (19.2 fold; p\<0.05) ([Fig. S1C](#pone.0063578.s001){ref-type="supplementary-material"}). These data suggest an important role for glucocorticoid signaling in the regulation of elastin synthesis by interstitial fibroblasts, myofibroblasts and smooth muscle cells. Defective elastin synthesis or attenuated functional maturity of myofibroblasts may contribute to the delayed saccular progression and vessel formation observed in the developing lungs of GR^Dermo1^ mice.

Defective AECI and AECII Differentiation in E18.5 GR^Dermo1^ Mice {#s3e}
-----------------------------------------------------------------

During embryogenesis, the murine pulmonary airways are lined with structurally and functionally different epithelial cell types. Thus, at the saccular stage, alveolar saccules consist of flat alveolar epithelial type I cells (AECI), cuboidal alveolar epithelial type II cells (AECII) and undifferentiated alveolar epithelial cells that are rich in cytoplasmic glycogen [@pone.0063578-Cole2]. PAS staining at E18.5 confirmed the presence of significantly greater numbers of immature glycogen positive epithelial cells lining immature saccules in the GR^Dermo1^ lung relative to WT ([Fig. 5A--B](#pone-0063578-g005){ref-type="fig"}). Messenger RNA expression of the embryonic epithelial marker Podoplanin (T1a) and the specific markers for AECII (surfactant protein A (SPA) and B (SPB)) and AECI (Aquaporin 5 (AQP5) and Podoplanin (T1a)) were measured in whole lung homogenates to indicate numbers of their respective populations. Expression of the marker T1a (that stains all epithelial cells in embryonic tissues [@pone.0063578-Williams1]) was significantly reduced in GR^Dermo1^ lung (3.3 fold; p\<0.05) ([Fig. 5I](#pone-0063578-g005){ref-type="fig"}). Expression of both SPA and SPB, were significantly reduced in GR^Dermo1^ lungs relative to WT controls (3.0 and 5.9 fold; p\<0.05) ([Fig. 5J](#pone-0063578-g005){ref-type="fig"}). Similar patterns were observed for AQP5, which was also significantly reduced in GR^Dermo1^ lung (4.7 fold; p\<0.05) ([Fig. 5J](#pone-0063578-g005){ref-type="fig"}). These data were confirmed by IHC staining for SPC (for AECII) and AQP5 (AECI). Positive staining of SPC in mature, active AECII was concentrated within the granules of lamilar bodies in the cytoplasm of WT lungs at E18.5 ([Fig. 5C](#pone-0063578-g005){ref-type="fig"}). In contrast, SPC staining was consistently more diffuse within the cytoplasm of GR^Dermo1^ epithelial cells, indicating an abnormal morphology ([Fig. 5D](#pone-0063578-g005){ref-type="fig"}, insert). Staining for AQP5 was observed in mature flattened AECI, lining the saccules of lungs from WT mice as a thin continuous brown line around the surface of the saccules at E18.5 ([Fig. 5E](#pone-0063578-g005){ref-type="fig"}). By comparison, AQP5 staining was more frequently localized within cuboidal cells of lung tissue obtained from GR^Dermo1^ mice at E18.5, indicating these cells are immature ([Fig. 5F](#pone-0063578-g005){ref-type="fig"}). These results suggest that deletion of the mesenchymal-specific GR results in impaired AECI and AECII differentiation.

![Defective AECI and AECII differentiation in GR^Dermo1^ mice.\
PAS stain for undifferentiated alveolar epithelial cells (A,B) in lung tissues of WT and GR^Dermo1^ at E18.5. IHC staining for SPC (C,D), AQP5 (E,F) and GILZ (G,H) in pulmonary sections taken from WT and GR^Dermo1^ animals at E18.5. Inserts in C and D show increased magnification of intracellular SPC staining within epithelial cells. Inserts in E and F show increased magnification of AQP5 staining in epithelial cells lining saccules. mRNA expression of T1a (I), SPA, SPB, AQP5 (J) and 11β-HSD1 (K) in GR^Dermo1^ lung homogenates relative to WT control. All results are either representative or the means of 5 WT and 5 GR^Dermo1^ mice. ↖ = SPC and AQP5 positive stain. \*p\<0.05. Scale bar 20 µM.](pone.0063578.g005){#pone-0063578-g005}

Glucocorticoid Signaling is Attenuated in GR^Dermo1^ Lung Epithelia {#s3f}
-------------------------------------------------------------------

As glucocorticoids have also been shown to play a key role in the differentiation of epithelia in fetal lung, we examined downstream glucocorticoid-signaling in pulmonary tissue of GR^Dermo1^ mice by measuring the expression of the glucocorticoid-induced leucine zipper (GILZ) [@pone.0063578-Habermehl1], [@pone.0063578-Manwani1]. GILZ has been shown to be constitutively expressed within epithelial lining cells within the lung [@pone.0063578-Eddleston1]. At E18.5 in WT lungs, GILZ staining was observed strongly in the cells lining the developing saccules ([Fig. 5G](#pone-0063578-g005){ref-type="fig"}). This pattern of staining closely co-localized with the AEC1 marker AQP5, indicating that glucocorticoid signaling is elevated within these epithelial cells. In contrast, despite normal expression of the GR within the epithelial compartment, GILZ expression was significantly attenuated within the epithelia of GR^Dermo1^ mice ([Fig. 5H](#pone-0063578-g005){ref-type="fig"}). In the presence of reduced glucocorticoid signaling in the epithelial compartment, we examined a candidate gene for local glucocorticoid metabolism in whole lung homogenates. mRNA expression of the glucocorticoid activating enzyme 11β-hydroxysteroid dehydrogenase (11β-HSD1) was significantly reduced in lung homogenates of GR^Dermo1^ mice compared to WT (2.5 fold; P\<0.05) ([Fig. 5K](#pone-0063578-g005){ref-type="fig"}). These data suggest that local glucocorticoid activation may be attenuated within the lungs of GR^Dermo1^ mice, which could contribute to the reduced glucocorticoid signaling within the epithelial cells of these animals.

Abdominal Wall Defects in E18.5 GR^Dermo1^ Mice {#s3g}
-----------------------------------------------

Having identified a lack of elastin synthesis as being an important component of pulmonary maldevelopment in GR^Dermo1^ mice, we examined whether the same defect may play a parallel role in the pathogenesis of the ventral wall defect observed in many of these mice. In addition to elastin we also examined the expression of type I collagen, as both of these extracellular matrix components play a key role in maintaining the structural integrity around the umbilical region. Once again, elastin staining was reduced in GR^Dermo1^ mice, with elastin deposits being less frequent or entirely absent in periumbilical interstitial tissues ([Fig. 6A--B](#pone-0063578-g006){ref-type="fig"}). Masson stain for collagen identified that the periumbilical collagen matrix was disorganized in GR^Dermo1^ mice, lacking the organized longitudinal fiber bundles seen in WT mice ([Fig. 6C--D](#pone-0063578-g006){ref-type="fig"}). Within the dorsal dermis, staining for collagen fibers was significantly reduced in GR^Dermo1^ mice ([Fig. 6E--F](#pone-0063578-g006){ref-type="fig"}). To examine the role of glucocorticoid signaling in mesenchymal elastin and collagen synthesis more closely, we looked at the effects of glucocorticoids in primary fibroblast cultures isolated from newborn murine skin and whole tissue homogenates ([Fig. 6I--K](#pone-0063578-g006){ref-type="fig"}). Messenger RNA expression of elastin was shown to be positively regulated by the glucocorticoid dexamethasone at 100 nm in both skin fibroblasts and whole tissue homogenates (2.3 and 2.5 fold for skin and tissue respectively; p\<0.05) ([Fig. 6I--J](#pone-0063578-g006){ref-type="fig"}). We observed positive regulation of type 1 collagen mRNA by glucocorticoids (1.8 fold; P\<0.05) ([Fig. 6K](#pone-0063578-g006){ref-type="fig"}). As described in pulmonary tissues above, it appeared that epithelial cell differentiation was also disrupted within the epithelium. Examination of the stratum spinosum and stratum basale of the epidermis confirmed increased numbers of enlarged immature cells ([Fig. 6G--H](#pone-0063578-g006){ref-type="fig"}). These findings demonstrate that glucocorticoids regulate extracellular matrix synthesis in mesenchymal cells in a similar manner to that observed in the lung for elastin.

![Defective elastin and collagen synthesis in connective tissue surrounding the intestinal herniation in GR^Dermo1^ animals.\
Hart stain for elastin deposition (A,B) in the unbilical region of WT and GR^Dermo1^ mice at 18.5. Masson stain for collagen fibers (blue) in the unbilical region (C,D), dorsal dermis (E,F) and epidermis (G,H) in WT and GR^Dermo1^ mice. Fold change in mRNA expression of elastin (I--J) and collagen (K) in fibroblasts isolated from skin and whole tissue homogenates, following treatment with dexamethasone (10 and 100 nmol/l) relative to untreated controls in wild type mice. All results are either representative or the means of 5 WT and 5 GR^Dermo1^ mice. Sc = stratum corneum; Sg = stratum granulosum; Ss = stratum spinosum; Sb = stratum basale; ↖ = elastin. \*p\<0.05. Scale bar: 20 µM.](pone.0063578.g006){#pone-0063578-g006}

Discussion {#s4}
==========

The present work demonstrates that the inactivation of the mesenchymal GR in mice results in postnatal lethality due to a failure of the embryonic lung to progress from the canalicular to the saccular stage of development. Furthermore, we show that the disruption of mesenchymal GR signaling results in hitherto unreported developmental abnormalities in abdominal wall formation due to defective extracellular matrix synthesis in connective tissues.

Whilst the lungs of WT animals progress through to the saccular phase between E17.5 and E18.5, lungs from GR^Dermo1^ mice remained in the canalicular phase, characterized by immature, poorly developed alveolar saccules and an undeveloped vasculature. We have confirmed that this failure in embryonic lung progression coincides with defective myofibroblast function, with abrogated glucocorticoid-regulated elastin synthesis. Elastin has been shown to play an important role in normal postnatal alveolarization and may contribute to the lung atelectasis observed in the GR^Dermo1^ mouse. Alternatively, defective elastin synthesis may be indicative of functionally immature myofibroblasts, and as such, representative of a loss in other extracellular matrix components required for embryonic alveolarization.

Finally, we have identified that the loss of glucocorticoid signaling in mesenchymal cells translates directly into cell-non-autonomous effects on alveolar epithelial cells, restricting their differentiation and resulting in an abnormal cellular morphology. This clearly demonstrates that mesenchymal GR expression is essential in the normal formation of alveolar saccules and vessels and that its absence is a major factor in the lethal phenotype of GR^Dermo1^ mice. Consequently, this study supports the importance of elevated pulmonary GR expression reported during the canalicular phase of lung development [@pone.0063578-Speirs1], [@pone.0063578-Thompson1].

Defective Elastin Synthesis in Interstitial Fibroblast Populations {#s4a}
------------------------------------------------------------------

Having confirmed an important role for the mesenchymal GR in lung development, we further demonstrate that the precursor cell pool of interstitial fibroblasts was largely expanded in the lungs of GR^Dermo1^ mice at E18.5. Among the mesenchymal-derived cell populations, endothelial cells, smooth muscle cells and myofibroblasts all exhibited a normal morphology and similar patterns of staining in the lungs from GR^Dermo1^ mice compared to wild type animals. The only differences observed, occurred as a result of the immature canalicular morphology of the lung in the GR^Dermo1^ mice rather than a difference in cell numbers. These findings suggested that the phenotypes observed in the lungs of the GR^Dermo1^ mouse were not occurring as a result of the absence of these cell types.

Myofibroblasts are key producers of extracellular matrix components required for alveolarization. Elastin synthesis by interstitial fibroblasts and myofibroblasts in the lung is significantly up-regulated prior to the saccular stage of development, and has been shown to be critical for normal postnatal alveolarization and survival in mice [@pone.0063578-Mariani1], [@pone.0063578-Starcher1], [@pone.0063578-Wendel1]. In the GR^Dermo1^ mouse we identified a marked decrease in elastin synthesis throughout the lungs. However, myofibroblast numbers and their pattern of expression appeared normal in these animals, suggesting that these cells are not functionally active.

Analysis of elastin mRNA expression in interstitial fibroblasts from skin and whole tissue homogenates revealed it was positively regulated by the glucocorticoid dexamethasone. This may indicate that the positive transcriptional regulation of elastin by glucocorticoids is a generic effect of mesenchymal cells isolated from our model and suggests an important role for glucocorticoid signaling in normal ECM production by lung fibroblasts. This was further supported by observations of positive collagen mRNA regulation by glucocorticoids in our fibroblast cultures ([Fig. 6K](#pone-0063578-g006){ref-type="fig"}). To be truly robust these findings would need to be confirmed in mesenchymal cell populations isolated from embryonic lung between day E16.5 and 18.5. Unfortunately, to examine glucocorticoid ECM regulation in all the mesenchymal subsets of the lung went beyond the scope of this study. Despite this, whilst excepting these limiting factors, our experiments still provide valuable insight into elastin regulation by mesenchymal stromal cells.

This finding is further supported by previous studies confirming that elastin is a glucocorticoid target gene. Its promoter contains three GR response elements, all of which are positively regulated by glucocorticoids in interstitial fibroblasts of the neonatal lung [@pone.0063578-DelMonaco1], [@pone.0063578-Mecham1], [@pone.0063578-Swee1]. Indeed, the physiological and therapeutic actions of glucocorticoids on pulmonary tissues are in part mediated via increased elastin synthesis by interstitial fibroblast populations [@pone.0063578-Bolt1], [@pone.0063578-Mariani1], [@pone.0063578-Swee1], [@pone.0063578-Pierce1]. Despite this, the detrimental effects on alveolarization in the elastin null mouse do not become apparent until postnatal day 4 [@pone.0063578-Wendel1]. This would suggest that deficient elastin expression in the GR^Dermo1^ mouse is not the primary cause of defective embryonic sacculation in these animals. Instead, abrogated elastin synthesis may contribute to delayed saccular progression in the GR^Dermo1^ mouse or it may be indicative of a more general loss in myofibroblast functionality in the lung. Consequently, other key stromal extracellular matrix components such as collagen, fibulin-5 or fibrillin-1 may be disrupted in myofibroblasts, resulting in the observed defects in saccular progression and normal lung alveolarization.

This mechanism may also explain the underdeveloped vascular network in GR^Dermo1^ mice. Elastin plays a critical role in maintaining the structural characteristics of normal blood vessels [@pone.0063578-Faury1]. Disrupted expression of elastin and other extracellular matrix components in the lungs of GR^Dermo1^ mice may contribute to the abnormal vascular phenotype observed in these animals. Unfortunately, these finding are complicated by the inability to dissect out local lung mesenchymal effects on pulmonary atelectasis from distant non-lung mesenchymal signaling that might influence lung development. Our data certainly support an important role for lung myofibroblasts, however, without specific GR KO targeting of mesenchymal cells of the lung, their relative contribution to the observed phenotype cannot be confirmed.

One question remaining is why the targeted deletion of elastin within mesenchymal cell subsets, which we have shown affect extracellular matrix synthesis, does not affect more organs. One explanation might be that any extracellular matrix defects are not yet fully apparent at this early stage of development, whilst the defects in the lung are most apparent due to their immediate role in post natal survival.

These findings have a number of parallels with previous work by Habermehl et al. where the role of mesenchymal GR signaling was examined using the GR^Col1−Cre^ [@pone.0063578-Habermehl1]. This also resulted in postnatal lethality as a result of arrested lung development and atelectasis. This was correlated with enhanced epithelial and mesenchymal proliferation, an absence of myofibroblasts within distal lung and a generalized dysregulation of ECM synthesis. Interestingly, they did not observe any defects in abdominal wall formation or the vasculature of the lung suggesting the mechanisms between these models may be subtly different. This is further highlighted by apparent differences in lung myofibroblasts between these models. Habermehl et al. report a significant decrease in distal myofibroblast numbers at E18.5 and propose that differentiation of myofibroblasts may be attenuated, resulting in the dysregulation ECM required for alveolarization. In contrast, our findings, examining mesenchymal cell populations between E16.5--18.5 suggested that myofibroblast numbers remain normal but that they are functionally compromised. This hypothesis is supported by our in vitro data and existing studies that confirm GCs induce elastin and inhibit collagen synthesis within mesenchymal cell populations [@pone.0063578-DelMonaco1], [@pone.0063578-Mecham1], [@pone.0063578-Swee1], [@pone.0063578-Perez1], [@pone.0063578-Oikarinen1]. Despite this, both studies suggest an important role for GC mediated ECM synthesis by myofibroblasts in the normal embryonic development of the lung.

Defective Differentiation of Alveolar Epithelial Cells in GR^Dermo1^ Mice {#s4b}
-------------------------------------------------------------------------

This study has demonstrated that deletion of mesenchymal GR expression results in cell-non-autonomous effects, inhibiting the differentiation of alveolar epithelial cells. This was characterized by reduced numbers of normal mature AECI and AECII and increased numbers of undifferentiated epithelia in the lungs of GR^Dermo1^ mice. Interestingly, the epithelial phenotype in the GR^Dermo1^ mouse shows similarities to that observed in the epithelial GR null mouse. In particular we saw an identical decrease in expression of the glucocorticoid-regulated epithelial markers SPA, SPB and AQP5 [@pone.0063578-Habermehl1], [@pone.0063578-Manwani1]. While GR expression was normal in lung epithelia of GR^Dermo1^ mice we observed a significant decrease in the rapid glucocorticoid response protein GILZ in lung epithelia of GR^Dermo1^ embryos, suggesting downstream glucocorticoid signaling was attenuated. One possible explanation for this observation could be a reduction in local glucocorticoid availability. Therefore, we examined the candidate gene 11β-HSD1 as a measure of glucocorticoid metabolism within lung homogenates of GR^Dermo1^ mice. The enzyme 11β-HSD1 contributes to local glucocorticoid levels within tissues and has been shown to be present within mesenchymal cells, where its expression is positively regulated by glucocorticoids [@pone.0063578-Hardy1], [@pone.0063578-Ahasan1]. In the lungs of GR^Dermo1^ mice, 11β-HSD1 mRNA expression was significantly reduced, which may indicate that local glucocorticoid levels are reduced within this tissue. As a consequence, reduced glucocorticoid levels within the lungs of GR^Dermo1^ mice may result in decreased glucocorticoid dependant epithelial differentiation. Alternatively, it may be that mesenchymal cells regulate epithelial differentiation via release of specific glucocorticoid dependant signaling factors, or that elastin itself may have effects on epithelial differentiation.

Abdominal Wall Defect in GR^Dermo1^ Mice {#s4c}
----------------------------------------

In this study we have identified a novel role for mesenchymal glucocorticoid signaling in embryonic ventral wall formation: GR^Dermo1^ mice presented with visible intestinal herniation at birth. Furthermore, we observed a marked disruption of elastin and collagen synthesis within the connective tissues adjacent to the herniation. In primary cultures of newborn fibroblasts isolated from tissue homogenates we identified positive transcriptional regulation of type 1 collagen and elastin by glucocorticoids. Although we were not able to examine these regulatory mechanisms in primary cultures from E16.5--E18.5 tissues, these findings certainly demonstrate that glucocorticoids influence mesenchymal ECM synthesis. Other studies have reported decreased transcriptional regulation of collagen type 1 by glucocorticoids in embryonic fibroblasts suggesting that its regulation possess some plasticity [@pone.0063578-Perez1], [@pone.0063578-Oikarinen1]. Ultimately, these findings imply an important role for glucocorticoid signaling in regulating ECM components by mesenchymal stromal cells that are required for embryonic ventral wall formation.

Elastins, as well as collagen, have an important role within skin and connective tissues, maintaining their structure and function [@pone.0063578-Cavalcante1], [@pone.0063578-Tiganescu1]. Both of these stromal derived extracellular matrix components were significantly reduced in the peri-umbilical region of GR^Dermo1^ mice. Parallel to lung, these changes may reflect direct GR-regulated effects on stromal cell populations. Interestingly, human studies have identified that lung hypoplasia can complicate exomphalos, supporting the concept that the mechanisms responsible for the ventral wall defect and lung atelectasis in the GR^Dermo1^ mice may share a similar etiology [@pone.0063578-Vachharajani1].

The exact mechanism whereby glucocorticoid-signaling in mesenchymal cells regulates the internalization of the intestines is unclear, although evidence suggests that dysregulated collagen synthesis by mesenchymal fibroblasts contributes to increased risk of herniation as a result of a loss of structural integrity in the connective tissues [@pone.0063578-Friedman1]. Certainly we see a similar dysregulation of key mesenchymal extracellular matrix components such as elastin and collagen in the GR^Dermo1^ mice, which will undoubtedly affect their connective tissue integrity and contribute to the observed abdominal wall defect.

Conclusions {#s4d}
-----------

This study highlights the importance of mesenchymal glucocorticoid signaling in embryonic development. Whilst glucocorticoids have been shown to be important in the maturation and normal function of alveolar epithelia, our findings demonstrate that mesenchymal glucocorticoid signaling possesses a greater association with postnatal lethality [@pone.0063578-Cole1], [@pone.0063578-Habermehl1], [@pone.0063578-Cole2]. Our data suggest a strong factor contributing to this may be the actions of glucocorticoids on myofibroblast functionality and extracellular matrix synthesis. Consequently, the importance of mesenchymal steroid signaling in embryonic lung and abdominal development provides new insights into the exact roles of glucocorticoids during development.
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**Supplementary data.** S1A, lung weights in WT and GR^Dermo1^ mice. S1B, IHC staining for fibronectin in pulmonary sections of WT and GR^Dermo1^ mice at E18.5. All results are representative of 5 WT and 5 GR^Dermo1^ mice. SAC = saccule. Scale bar: 20 µM.
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